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Summary
Vitamin K,discovered in the 1930s, functions as cofactor for the
posttranslational carboxylation of glutamate residues. Gamma-
carboxy glutamic acid (Gla)-residues were first identified in pro-
thrombin and coagulation factors in the 1970s; subsequently,
extra-hepatic Gla proteins were described,including osteocalcin
and matrix Gla protein (MGP). Impairment of the function of os-
teocalcin and MGP due to incomplete carboxylation results in
an increased risk for developing osteoporosis and vascular cal-
cification, respectively, and is an unexpected side effect of treat-
ment with oral anticoagulants. It is conceivable that other side
effects, possible involving growth-arrest-specific gene 6 (Gas6)
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protein will be identified in forthcoming years. In healthy individ-
uals, substantial fractions of osteocalcin and MGP circulate as in-
completely carboxylated species, indicating that the majority of
these individuals is subclinically vitamin K-deficient. Potential
new application areas for vitamin K are therefore its use in die-
tary supplements and functional foods for healthy individuals to
prevent bone and vascular disease,as well as for patients on oral
anticoagulant treatment to offer them protection against cou-
marin-induced side effects and to reduce diet-induced fluctu-
ations in their INR values.
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Introduction
The dietary trace element vitamin K was discovered in the early
1930s by the Danish biochemist Henrik Dam. During his re-
search on the cholesterol metabolism in chickens, Dam observed
that chicks reared on a diet free of sterols and poor in fat devel-
oped large subcutaneous and intramuscular haemorrhages (1).
Additionally, it was reported by McFarlane et al. that blood of
chicks fed an ether-extracted fish or meat meal failed to coagu-
late on standing overnight in the laboratory (2). Initial experi-
ments with additions of lemon juice, cholesterol, cod-liver oil or
ascorbic acid to the diet failed to prevent haemorrhages (1).
Further testing of different foods, ranging from cereals and seeds
to animal organs, revealed that “the antihaemorraghic factor”
was fat-soluble with one of its richest sources being hog-liver
(3). Hendrik Dam designated this factor as Koagulations vitamin
(abbreviated as vitamin K), because of its requirement for nor-
mal haemostasis (3). Subsequently, Almquist and Stokstad re-
ported that the haemorrhagic syndrome could be prevented by
concentrated extracts of alfalfa as well as by fish meals and bran
preparations subjected to the action of microorganisms (4).

In the mid 1930s, Schønheyder proposed that the prolonged
clotting time seen in animals with the haemorrhagic syndrome

was due to a decreased concentration of plasma prothrombin (5);
indeed, precipitates of prothrombin from the plasma of “K-avi-
taminous” chicks were found to be inactive (6) and the prothrom-
bin time of chicks and rabbits fed with spoiled sweet clover hay
– resulting in haemorrhagic disease – to be increased (7, 8). In
later years, it was established that sweet clover hay contained di-
coumarin, a vitamin K antagonist produced by molds acting on
the hay (9).

In the late 1930s several research groups were able to isolate
vitamin K from alfalfa as a yellow oil (10–13); the group at St.
Louis University led by Edward A. Doisy could also isolate vit-
amin K from putrefied fish meals as a crystalline product and
designated this product as vitamin K2 (14, 15). During this time,
the first clinical studies with administration of vitamin K to pa-
tients with obstructive jaundice or biliary problems were con-
ducted (16), since it had been recognized that the bleeding ten-
dency seen in these cases was related to vitamin K deficiency
(17). Additionally, vitamin K was administered to newborns suf-
fering from haemorrhagic disease or who were found to have a
prolonged prothrombin time (18). In later years, the prophylactic
treatment of newborns (or their mothers) with vitamin K gained
increasing attention (19). In fact, Dam mentioned in his Nobel
lecture that prophylactic treatment with vitamin K decreased the
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neonatal mortality rate among newborn infants from 4.6% to
1.8% (20, 21). Dam and Doisy received the 1943 Nobel prize in
Physiology or Medicine for the discovery of vitamin K and its
chemical nature (20).

Presently we know phylloquinone as vitamin K1; it originates
from green leafy plants and green vegetables which are its most
important dietary source for humans. The chemical structure of
vitamin K2 was elucidated in the 1960s (22) and revealed that it
consists of a family of related products now known as menaqui-
nones. Menaquinones are mainly of microbial origin and their
nomenclature is based on the number of isoprenoid residues in
their side chain. Dietary relevant menaquinones range from me-
naquinones-4 (MK-4) through menaquinones-10 (MK-10). In
the human diet the main sources of menaquinones are cheese,
curd, and the Japanese food natto. MK-4 is the only menaqui-
none that can be produced in mammalian tissues, where it is
formed by conversion of vitamin K1, MK-7 and possibly other
menaquinones.

Mammals have developed an efficient system for recycling
vitamin K, which is the reason why minute amounts are suffi-
cient to cover the daily requirement. Therefore, circulating vit-
amin K levels are low, and accurate detection techniques for vit-
amin K in blood, tissues and food are only available in some
specialized laboratories. Modern vitamin K assessment requires
extraction, pre-purification, HPLC analysis and post-column re-
duction followed by fluorescence detection. Although several
scientists have contributed in optimizing the procedure, Martin
Shearer is generally regarded as the founder of modern vitamin
K analysis (23). An alternative to fluorescence detection was re-
cently provided by the group of Okano, who used tandem mass
spectrometry as a detection system (24). The group of Shearer
also initiated a worldwide Quality Assurance / Quality Control
scheme together with our group, enabling participating re-
searchers to compare their data and to check the reliability of
their system on a regular basis (25).

Function of vitamin K
Until 1974, various hypotheses about the mechanism of vitamin
K action were proposed, including a role in mitochondrial elec-
tron transport and an inducer of protein synthesis; the discovery
of the unusual amino acid γ-carboxy glutamic acid (Gla) in pro-
thrombin as the product of vitamin K action in 1974 finally
identified the unequivocal role of vitamin K as a cofactor for the
posttranslational carboxylation of glutamate residues (26, 27).
These findings triggered the development by the group of Suttie
of an in-vitro carboxylase assay in which 14CO2 was incorpor-
ated into glutamate-containing synthetic peptides (28). More
than 15 years ago Stafford and coworkers succeeded in purifying
the key enzyme γ-glutamate carboxylase (GGCX) (29), only re-
cently the purification and amino acid sequence of the second
key enzyme in vitamin K metabolism, vitamin K epoxide reduc-
tase (VKOR) were reported by two independent groups (30, 31).
These data have resulted in cloning the cDNA coding for both
proteins in insect expression vectors, which has boosted the mo-
lecular research on the mechanism of vitamin K action (32, 33).

After the discovery of Gla-residues in prothrombin, the sub-
sequently identified Gla-proteins were those involved in blood

coagulation: factors VII, IX and X as well as the proteins C, S,
and Z (34). During this time, the presence of carboxylase was
demonstrated in a wide variety of non-hepatic tissues, ranging
from bone to skin (35, 36). It was assumed that the endogenous
substrate of carboxylase in these tissues (unidentified Gla-pro-
teins), was not involved in blood coagulation. This could imply

Figure 1: Matrix Gla-protein is synthesized by vascular smooth
muscle cells (A) and accumulates at areas of calcification in the
arterial wall (B). Matrix Gla-protein (MGP) is a potent local inhibitor
of soft tissue calcification; it contains nine glutamate residues, five of
which can be carboxylated in a vitamin K-dependent way, resulting in
carboxylated MGP (cMGP). Poor vitamin K status therefore results in
synthesis of uncarboxylated MGP (ucMGP). A major source of MGP is
the arterial wall, where it is synthesized by vascular smooth muscle cells
(VSMC). A) A single humanVSMC in which cMGP is stained with con-
formation-specific antibodies. The cell was grown in medium containing a
high concentration of calcium (3.6 mM); its nucleus was visualized by
Dapi-staining (blue) and MGP was stained with Fitc-labeled anti-cMGP-
antibody (green). MGP is carboxylated in the endoplasmatic reticulum
(dense green staining) and secreted in vesicular structures. Magnification
1,000x. B) The immunohistochemical localization of ucMGP in a calcified
artery. A section from a peripheral artery of a diabetic patient was
stained with anti-ucMGP-antibodies (red) and counterstained with hae-
matoxylin. Calcification is present in the medial layer of the arterial wall
and it can be seen that the inactive MGP has accumulated at the area of
calcification. A, adventitia; Ca, calcification; I, intima; M, media. Magnifi-
cation 40x.
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that treatment with oral anticoagulants, known to influence the
carboxylation of coagulation factors in the liver, would also im-
pair the carboxylation of these unidentified Gla-proteins in
extra-hepatic tissues. Treatment with coumarins could therefore
have unwanted, and yet unknown, side-effects in these tissues.
Indeed our group, which contributed to the identification of car-
boxylase in several tissues, urged medical doctors already in
1982 to report possible side-effects from treatment with couma-
rin-derivatives (37).

The first extra-hepatic sites in which Gla-proteins have been
identified and characterized are bone and cartilage. Bone Gla-
protein, also known as osteocalcin, was identified in the mid
1970s (38, 39) and presently serves as a marker for osteoblastic
activity. Matrix Gla-protein (MGP), first described in 1983 (40),
is the strongest inhibitor of tissue calcification presently known
(Fig. 1). Its importance for vascular health was demonstrated in
MGP-deficient animals, which all died of massive arterial cal-
cification within 6–8 weeks after birth (41). In humans, loss-of-
function mutations of MGP result in the Keutel syndrome (42),
characterized by abnormal cartilage calcification (43). In 1971,
Keutel et al. first described the syndrome in two siblings pres-
enting with abnormal cartilage calcification, brachytelephal-
angism, neural hearing loss and peripheral pulmonary stenosis
(44). At the age of 38, one of the two siblings died of acute right
heart failure after several years of obstructive pulmonary dis-
ease; post-mortem examination revealed calcification of arteries
throughout the body resulting in pulmonary artery stenosis and
multiple brain infarctions (45).

It is remarkable that it took about half a century after the dis-
covery of the relation between vitamin K and blood coagulation
before the vital importance of vitamin K for bone and vascular
health was recognized. It is even more remarkable that it is still
not commonly known among medical doctors that vitamin K-de-
pendent proteins not only regulate blood coagulation, but also
other physiological processes including bone metabolism (os-
teocalcin), vascular calcification (MGP), cell growth, and apop-
tosis (growth-arrest-specific gene 6 protein, Gas6) (46) and that,
as a consequence, oral anticoagulants may have undesired ef-
fects in extra-hepatic tissues.

Unexpected side effects of oral anticoagulants
Oral anticoagulant therapy is a widely used treatment of subjects
with increased thrombosis risk; it is based on the daily intake of
4-hydroxycoumarins (warfarin, acenocoumarol, phenprocou-
mon) which bind to theVKOR enzyme and thus inhibit recycling
of vitamin K. Consequently, the carboxylation of coagulation
factors is inhibited resulting in the formation of inactive, non-
carboxylated species also know as PIVKAs (proteins induced by
vitamin K absence or antagonists). It was generally assumed that
this was the only effect of oral anticoagulants. The discovery of
new Gla-proteins not involved in blood coagulation initiated the
search for side effects of oral anticoagulant treatment.

Pastoureau et al. showed that lambs receiving warfarin devel-
oped osteopenia within several months (47), which is probably
due to the impaired function of osteocalcin. Careful analysis of
bone mineral density in patients on long-term anticoagulation
revealed that coumarin anticoagulants are associated with accel-

erated bone loss and low bone mass (48). Hence, long-term use
of oral anticoagulants is considered as a risk factor for develop-
ing osteoporosis. Similarly, impairment of MGP must be re-
garded as a risk factor for arterial calcification. Indeed, two inde-
pendent studies have demonstrated that subjects on long term
anticoagulation have much more arterial and heart valve calcifi-
cation than an age- and sex-matched control population (49, 50).
It should be mentioned, however, that the effects in experimental
animals were more pronounced than in humans, which may indi-
cate more complex regulatory systems in man. Additionally, ex-
posure to warfarin during the first trimester of pregnancy can
cause warfarin embryopathy, characterized by punctuate calcifi-
cations mainly in the axial skeleton, proximal femurs and calc-
anei, nasal hypoplasia and depression of the nasal bridge (51). It
has been suggested that impairment of MGP’s ability to inhibit
cartilage calcification, underlies the development of these ab-
normalities (52, 53).

These examples demonstrate that in forthcoming years more
side effects of oral anticoagulants may be expected and highlight
the importance of other strategies for anticoagulant treatment
such as the well known platelet aggregation inhibitors (aspirin,
clopidogrel, dipyridamole), as well as the direct thrombin and
factor X inhibitors.

Combination therapy
Another well recognized disadvantage of oral anticoagulant ther-
apy is its instability requiring frequent monitoring. Since the
level of anticoagulation is a balance between the anticoagulant
and the dietary vitamin K, fluctuations of dietary vitamin K in-
take may lead to INR values outside the therapeutic window. One
strategy to overcome this problem is to decrease the dietary fluc-
tuations in vitamin K intake. This was not shown to be a practical
approach. Alternatively, it has been proposed to increase the vit-
amin K intake in the form of dietary supplements, and to increase
the anticoagulant concordantly (54, 55). In this way the fluctu-
ations caused by diet will be small relative to the total vitamin K
intake. Most studies which have addressed this point used vit-
amin K1. The potential danger of giving K1 in combination with
warfarin, however, is that K1 is preferentially taken up by the
liver, so that the increased warfarin used to compensate for the
high vitamin K intake will exhaust the vitamin K supplies in the
vessel wall, thus increasing the calcification risk. The correct-
ness of this hypothesis was demonstrated in rats receiving a K1 +
warfarin treatment and which developed widespread arterial cal-
cifications within 2–4 weeks (56). K2 vitamins, on the other
hand, are equally transported to extrahepatic tissues and would
thus combine a maximal protection against unwanted side ef-
fects of oral anticoagulants and a hepatic vitamin K uptake which
is sufficient to counteract the diet-induced fluctuations in INR.
Consistently, K2 and not K1 was capable of preventing arterial
calcification in the above animal model (57) (Fig. 2).

Recently, it was demonstrated in rats that high vitamin K in-
take was even capable of inducing regression of pre-formed ar-
terial calcifications (58). The two K2 vitamins that are commer-
cially available are MK-4 and MK-7. To make a proper choice
between both forms, it should be realized that MK-4 has a very
short half-life time (about 1 hour), but that the half-life time of
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MK-7 is much longer (about 3 days). If taken on a once daily
basis, MK-4 will thus show substantial circulating and tissue
fluctuations, whereas MK-7 will accumulate gradually and reach
a steady state level after 2 weeks (59). Based on these consider-
ations we have recently proposed that trials will be designed in
which patients receive coumarin anticoagulants in combination
with MK-7.These patients should be followed with respect to the
stability of their INR value in time, as well as the development of
bone mineral density and vascular characteristics and calcifi-
cation (60).

K-status in healthy adults
As compared with other vitamins, the dietary intake of vitamin K
is very low. The recommended dietary allowance (RDA) is
1 µg/kg/day. Also, its biological half-life time is relatively short:
upon deprivation experimental animals develop symptoms of
vitamin K-deficiency within a few days.Yet, vitamin K intake is
sufficient to ensure normal haemostasis in healthy adults. It
should be kept in mind, however, that the liver – which is the
place of clotting factor synthesis – is capable of extracting vit-
amin K form the circulation very efficiently. Therefore, it is
questionable whether the present RDA for vitamin K intake is
sufficient to cover the requirements of extrahepatic tissues.

Conformation-specific antibodies are now commercially
available specifically recognizing under-carboxylated species of
osteocalcin (Takara Shuzo, Shiga, Japan) and MGP (VitaK BV,
Maastricht, the Netherlands) which are generated in subclinical
vitamin K deficiency. Using these antibodies, ELISA-based as-
says were developed for testing circulating under-carboxylated
species of osteocalcin and MGP. Surprisingly, these tests showed
that in all apparently healthy subjects tested, a substantial frac-
tion of both proteins occurs in under-carboxylated forms, which
have no biological activity (61, 62). This raises the intriguing
question of whether all (or: most) apparently healthy adults are
subclinically vitamin K deficient. Increased circulating levels of
undercarboxylated osteocalcin were shown to be associated with
increased bone loss and osteoporosis in postmenopausal women
(63), whereas under-carboxylated MGP has been associated
with arterial calcification (64).

New application areas for vitamin K
As mentioned above, extra-hepatic Gla-proteins are incompletely
carboxylated in the majority of the healthy adults. Hence the bio-
logical activity of these proteins is sub-optimal. Only in vitamin
K-supplemented subjects the plasma level of non-carboxylated
osteocalcin (61, 65, 66) and MGP is below 5% of the total antigen
(Cranenburg et al., unpublished observations). These findings
suggest that, although the dietary vitamin K intake is adequate to
maintain normal haemostasis, it may be insufficient for extrahe-
patic tissues. Indeed, the present dietary reference values are
based on a proper functioning of the blood carboxylation factors,
and not on the carboxylation of osteocalcin or MGP.

Poor vitamin K status must be regarded as a serious risk factor
for increased postmenopausal bone loss and for artery calcifi-
cation, notably in diabetes, endstage renal disease and aging.
Population-based studies have demonstrated an inverse cor-

relation between dietary vitamin K intake and bone fracture risk
(67) as well as between dietary vitamin K intake and arterial cal-
cification and cardiovascular mortality (68). Notably for vascular
health, K2 appeared to be superior to K1. Several clinical trials
have demonstrated that supplementary vitamin K may result in de-
creased bone loss (69), as well as in maintenance of bone strength
(61) and carotid artery elasticity (70). For K1 and MK-4 these ef-
fects have been reported at pharmacological doses ranging be-
tween 1 and 45 milligrams per day. On the basis of its longer half-
life time and extra-hepatic tissue distribution it is to be expected

Figure 2: Arterial calcification is induced by treatment with
warfarin + vitamin K1 (A) and prevented by vitamin K2 (B).
Eight-week-old male rats received a diet containing 3 mg of warfarin and
either 1.5 mg vitamin K1 or 1.5 mg vitamin K2 (menaquinone-4) per
gram of food for four weeks. Rats were killed, and carotid arteries were
fixed in 4% phosphate-buffered paraformaldehyde. Tissues were com-
pletely sectioned, and every fifth section was screened for calcification
byVon Kossa staining. A) A typical section from an animal treated with
warfarin + vitamin K1 with calcification (black) clearly present in the
medial layer of the arterial wall. Similar calcifications were found in ani-
mals receiving an 8-fold higher dose of vitamin K1 (data not shown). In
sections from animals treated with warfarin + vitamin K2 (B), no calcifi-
cation was observed. A, adventitia; L, lumen; M, media. Magnification
40x.

A)

B)

50
th

A
n

n
iv

er
sa

ry
(1

95
7–

20
07

)
T

hi
s 

do
cu

m
en

t w
as

 d
ow

nl
oa

de
d 

fo
r 

pe
rs

on
al

 u
se

 o
nl

y.
 U

na
ut

ho
riz

ed
 d

is
tr

ib
ut

io
n 

is
 s

tr
ic

tly
 p

ro
hi

bi
te

d.



Cranenburg et al. New functions for vitamin K

124

that similar effects will be obtained with MK-7 at nutritional doses
(i.e. below the RDA for vitamin K) (59). Therefore, MK-7 is the
obvious choice for enrichment of dietary supplements and func-
tional foods to be used for disease prevention in healthy subjects.

The third extrahepatic Gla-protein receiving increasing at-
tention is Gas6. Gas6 exhibits a broad range of regulatory func-
tions associated with cell growth regulation, migration and pro-
liferation, cell survival, apoptosis, recognition of dying cells,
phagocytosis and cell adhesion (71). It has a 43 % aminoacid se-
quence identity (including the 11 Gla residues) with protein S,
which is known as a negative regulator of blood coagulation. In
contrast to Gas6, protein S also binds to the C4b-binding protein,
which acts as a negative regulator of the complement system.
Gas6 serves as a ligand for a subfamily of receptor tyrosine ki-
nases, and it has been demonstrated that incomplete carboxy-
lation results in loss of biological activity (72). Consequently, in-
terfering with its Gla-content by using coumarin derivatives may
influence the progress of a wide variety of pathologies including
cancer, cardiovascular disease, neurological diseases, auto-
immune disease and kidney disorders. Conformation-specific
antibodies for Gas6 have not yet been described, and it is un-
known whether also in this case partially carboxylated or uncar-
boxylated species occur in healthy adults. However, we would
expect that the carboxylation status of Gas6 is substantially de-
creased by using oral anticoagulants; this may affect the course
of diseases such as those mentioned above in an as yet unpredict-
able way. Once again, oral anticoagulants may surprise us with
unexpected side effects although they have been widely used for
more than 50 years.

Circulating MGP as a diagnostic marker for
cardiovascular disease

MGP is expressed in cartilage and the vasculature. In healthy tis-
sues the expression is relatively low, but around ectopic calcifi-
cations in the arteries MGP expression is up-regulated several
orders of magnitude, probably as a defence mechanism triggered

by the calcium crystals (73). Since mature MGP contains five
Gla residues per molecule, hypothetically the local vitamin K
requirement around calcified lesions is strongly increased, so
that the vascular tissue is rapidly depleted of vitamin K. Hence,
at these sites incompletely carboxylated MGP species are form-
ed (Fig. 1B), which are not functional. Whether increased vit-
amin K intake may protect against further calcification is a major
point of interest at this time. Several test kits for MGP in serum
and plasma are presently available, and the first data suggest that
circulating MGP total antigen may become a marker for cardio-
vascular disease (62, 64). Since MGP may circulate in at least
four different conformations, it remains to be seen which test
will prove to have the highest diagnostic utility.

Conformation-specific antibodies against carboxylated and
non-carboxylated MGP are now available, and with ELISA-
based techniques both species have been found in the circulation
(ECM Cranenburg et al., submitted for publication). Whereas
the absolute levels of either of these forms may depend on a
number of factors including vascular smooth muscle cell activ-
ity, triggered up-regulation of MGP expression and cellular se-
cretion of the different MGP fractions and local binding in and
around the calcified tissue, the ratio between carboxylated and
non-carboxylated MGP species will reflect vascular vitamin K
status, and thus the extent to which an individual is protected
against arterial calcification by the MGP-dependent pathway.

Obviously, the availability of tests with which the vascular
vitamin K status can be tested in a small amount of blood is of
major importance for the health food industry. Lateral flow tests
are now being developed for carboxylated and non-carboxylated
MGP; such tests may be used for point-of-care or even home
diagnostics providing information to the consumer about his/her
vitamin K status and the potential benefit of taking vitamin K
supplements. By monitoring MGP carboxylation on a regularly
basis, this system would provide a unique possibility to visualize
short-term benefits of vitamin supplements. Without doubt, such
a system should not be brought to the market before the health
benefits of nutritional doses of supplemental vitamin K have
been confirmed in long-term clinical trials.

8. Quick AJ. The development and use of the pro-
thrombin tests. Circulation 1959; 19: 92–96.
9. Campbell HA, Link KP. Studies on the hem-
orrhagic sweet clover disease. IV. The isolation and
crystallization of the antihemorrhagic agent. J Biol
Chem 1940; 138: 21–33.
10. Almquist HJ. Purification of the antihemorrhagic
vitamin. J Biol Chem 1936; 114: 241–245.
11. Almquist HJ. Purification of the antihemorrhagic
vitamin by distillation. J Biol Chem 1936; 115:
589–591.
12. Dam H, Greiger A, Glavind J, et al. Isoliering des
Vitamins K in hochgereinigter Form. Helv Chim Acta
1939; 22: 310–313.
13. Binkley SB, MacCorquodale DW, Thayer SA, et al.
The isolation of vitamin K1. J Biol Chem 1939; 130:
219–234.
14. McKee RW, Binkley SB, MacCorquodale DW, et al.
The isolation of vitamins K1 and K2. J Am Chem Soc
1939; 61: 1295.

15. Binkley SB, MacCorquodale DW, Cheney LC, et al.
Derivatives of vitamins K1 and K2. J Am Chem Soc
1939; 61: 1612–1613.
16. Suttie JW. Vitamin K. In: Handbook of lipid re-
search: The fat-soluble vitamins, 1st ed. Plenum Press
1978: pp. 211–277.
17. Dam H, Glavind J. Vitamin K in human pathology.
Lancet 1938; 231: 720–721.
18. Waddell WW, Guerry D. The role of vitamin K in
the etiology, prevention, and treatment of hemorrhage
in the newborn infant. Part II. J Ped 1939; 15: 802–811.
19. Lehmann J. Vitamin K as a prophylactic in 13.000
infants. Lancet 1944; 243: 493–494.
20. Zetterstrom R. H. C. P. Dam (1895–1976), and E.A.
Doisy (1893–1986): the discovery of antihaemorrhagic
vitamin and its impact on neonatal health.Acta Paediatr
2006; 95: 642–644.
21. Dam H. The discovery of vitamin K, its biological
functions and therapeutical application. Nobel Lecture,
December 12, 1946.

References
1. Dam H, Schonheyder F. A deficiency disease in
chicks resembling scurvy. Biochem J 1934; 28:
1355–1359.
2. McFarlane WD, Graham WR, Richardson F. The
fat-soluble vitamin requirements of the chick: The vit-
amin A and vitamin D content of fish meal and meat
meal. Biochem J 1931; 25: 358–366.
3. Dam H.The antihaemorrhagic vitamin of the chick.
Biochem J 1935; 29: 1273–1285.
4. Almquist HJ, Stokstad ELR. Hemorrhagic chick
disease of dietary origin. J Biol Chem 1935; 111:
105–113.
5. Schønheyder F. The quantitative determination of
vitamin K. I. Biochem J 1936; 30: 890–896.
6. Dam H, Schønheyder F, Tage-Hansen E. Studies on
the mode of action of vitamin K. Biochem J 1936; 30:
1075–1079.
7. Quick AJ. The coagulation defect in sweet clover
disease and in the hemorrhagic chick disease of dietary
origin: A consideration of the source of prothrombin.
Am J Physiol 1937; 118: 260–271.

50
th

A
n

n
iv

er
sa

ry
(1

95
7–

20
07

)

T
hi

s 
do

cu
m

en
t w

as
 d

ow
nl

oa
de

d 
fo

r 
pe

rs
on

al
 u

se
 o

nl
y.

 U
na

ut
ho

riz
ed

 d
is

tr
ib

ut
io

n 
is

 s
tr

ic
tly

 p
ro

hi
bi

te
d.



Cranenburg et al. New functions for vitamin K

125

40. Price PA, Urist MR, OtawaraY. Matrix Gla protein,
a new gamma-carboxyglutamic acid-containing pro-
tein which is associated with the organic matrix of
bone. Biochem Biophys Res Commun 1983; 117:
765–771.
41. Luo G, Ducy P, McKee MD, et al. Spontaneous cal-
cification of arteries and cartilage in mice lacking ma-
trix GLA protein. Nature 1997; 386: 78–81.
42. Munroe PB, Olgunturk RO, Fryns JP, et al. Mu-
tations in the gene encoding the human matrix Gla pro-
tein cause Keutel syndrome. Nat Genet 1999; 21:
142–144.
43. Hur DJ, Raymond GV, Kahler SG, et al. A novel
MGP mutation in a consanguineous family: review of
the clinical and molecular characteristics of Keutel
syndrome. Am J Med Genet A 2005; 135: 36–40.
44. Keutel J, Jorgensen G, Gabriel P. A new autosomal-
recessive hereditary syndrome. Multiple peripheral
pulmonary stenosis, brachytelephalangia, inner-ear
deafness, ossification or calcification of cartilages.
Dtsch Med Wochenschr 1971; 96: 1676–1681 passim.
45. Meier M, Weng LP, Alexandrakis E, et al. Tracheo-
bronchial stenosis in Keutel syndrome. Eur Respir J
2001; 17: 566–569.
46. Berkner KL. The vitamin K-dependent carboxy-
lase. Annu Rev Nutr 2005; 25: 127–149.
47. Pastoureau P, Vergnaud P, Meunier PJ, et al. Osteope-
nia and bone-remodeling abnormalities in warfarin-
treated lambs. J Bone Miner Res 1993; 8: 1417–1426.
48. Gage BF, Birman-Deych E, Radford MJ, et al. Risk
of osteoporotic fracture in elderly patients taking war-
farin: results from the National Registry of Atrial Fi-
brillation 2. Arch Intern Med 2006; 166: 241–246.
49. Schurgers LJ, Aebert H, Vermeer C, et al. Oral anti-
coagulant treatment: friend or foe in cardiovascular dis-
ease? Blood 2004; 104: 3231–3232.
50. Koos R, Mahnken AH, Muhlenbruch G, et al. Re-
lation of oral anticoagulation to cardiac valvular and
coronary calcium assessed by multislice spiral com-
puted tomography. Am J Cardiol 2005; 96: 747–749.
51. Hall JG, Pauli RM, Wilson KM. Maternal and fetal
sequelae of anticoagulation during pregnancy. Am J
Med 1980; 68: 122–140.
52. Howe AM, Webster WS. The warfarin embryo-
pathy: a rat model showing maxillonasal hypoplasia
and other skeletal disturbances. Teratology 1992; 46:
379–390.
53. Howe AM, Lipson AH, de Silva M, et al. Severe
cervical dysplasia and nasal cartilage calcification fol-
lowing prenatal warfarin exposure. Am J Med Genet
1997; 71: 391–396.
54. Sconce E, Avery P, Wynne H, et al. Vitamin K
supplementation can improve stability of anticoagu-
lation for patients with unexplained variability in re-
sponse to warfarin. Blood 2007; 109: 2419–2423.
55. Reese AM, Farnett LE, Lyons RM, et al. Low-dose
vitamin K to augment anticoagulation control. Phar-
macotherapy 2005; 25: 1746–1751.
56. Price PA, Faus SA, Williamson MK. Warfarin
causes rapid calcification of the elastic lamellae in rat
arteries and heart valves. Arterioscler Thromb Vasc
Biol 1998; 18: 1400–1407.
57. Spronk HM, Soute BA, Schurgers LJ, et al. Tissue-
specific utilization of menaquinone-4 results in the pre-
vention of arterial calcification in warfarin-treated rats.
J Vasc Res 2003; 40: 531–537.
58. Schurgers LJ, Spronk HM, Soute BA, et al. Regres-
sion of warfarin-induced medial elastocalcinosis by

high intake of vitamin K in rats. Blood 2007; 109:
2823–2831.
59. Schurgers LJ, Teunissen KJ, Hamulyak K, et al. Vit-
amin K-containing dietary supplements: comparison
of synthetic vitamin K1 and natto-derived menaqui-
none-7. Blood 2007; 109: 3279–3283.
60. Stafford DW, Roberts H, Vermeer C. Vitamin K
supplementation during oral anticoagulation: cautions.
Blood 2007; 109: 3607.
61. Knapen MH, Schurgers LJ, Vermeer C. Vitamin
K(2) supplementation improves hip bone geometry and
bone strength indices in postmenopausal women. Os-
teoporos Int 2007; in press.
62. Schurgers LJ, Teunissen KJ, Knapen MH, et al.
Novel conformation-specific antibodies against matrix
gamma-carboxyglutamic acid (Gla) protein: undercar-
boxylated matrix Gla protein as marker for vascular
calcification. Arterioscler Thromb Vasc Biol 2005; 25:
1629–1633.
63. Szulc P, Chapuy MC, Meunier PJ, et al. Serum
undercarboxylated osteocalcin is a marker of the risk of
hip fracture: a three year follow-up study. Bone 1996;
18: 487–488.
64. Braam LA, Dissel P, Gijsbers BL, et al. Assay for
Human Matrix Gla Protein in Serum: Potential Appli-
cations in the Cardiovascular Field. Arterioscler
Thromb Vasc Biol 2000; 20: 1257–1261.
65. Binkley NC, Krueger DC, Engelke JA, et al. Vit-
amin K supplementation reduces serum concentrations
of under-gamma-carboxylated osteocalcin in healthy
young and elderly adults. Am J Clin Nutr 2000; 72:
1523–1528.
66. Binkley NC, Krueger DC, Kawahara TN, et al. A
high phylloquinone intake is required to achieve maxi-
mal osteocalcin gamma-carboxylation. Am J Clin Nutr
2002; 76: 1055–1060.
67. Booth SL, Tucker KL, Chen H, et al. Dietary vit-
amin K intakes are associated with hip fracture but not
with bone mineral density in elderly men and women.
Am J Clin Nutr 2000; 71: 1201–1208.
68. Geleijnse JM, Vermeer C, Grobbee DE, et al. Die-
tary intake of menaquinone is associated with a re-
duced risk of coronary heart disease: the Rotterdam
Study. J Nutr 2004; 134: 3100–3105.
69. Braam LA, Knapen MH, Geusens P, et al. Vitamin
K1 supplementation retards bone loss in postmenopau-
sal women between 50 and 60 years of age. Calcif Tis-
sue Int 2003; 73: 21–26.
70. Braam LA, HoeksAP, Brouns F, et al. Beneficial ef-
fects of vitamins D and K on the elastic properties of
the vessel wall in postmenopausal women: a follow-up
study. Thromb Haemost 2004; 91: 373–380.
71. Hafizi S, Dahlback B. Gas6 and protein S. Vitamin
K-dependent ligands for the Axl receptor tyrosine ki-
nase subfamily. Febs J 2006; 273: 5231–5244.
72. Nakano T, Kawamoto K, Kishino J, et al. Require-
ment of gamma-carboxyglutamic acid residues for the
biological activity of Gas6: contribution of endogenous
Gas6 to the proliferation of vascular smooth muscle
cells. Biochem J 1997; 323: 387–392.
73. Schurgers LJ, Dissel PEP, Spronk HMH, et al. Role
of vitamin K and vitamin K-dependent proteins in vas-
cular calcification. Z Kardiol 2001; 90 (Suppl 3):
57–63.

22. Jacobsen BK, Dam H. Vitamin K in bacteria. Bio-
chim Biophys Acta 1960; 40: 211–216.
23. Hart JP, Shearer MJ, Klenerman L, et al. Electro-
chemical detection of depressed circulating levels of
vitamin K1 in osteoporosis. J Clin Endocrinol Metab
1985; 60: 1268–1269.
24. Suhara Y, Kamao M, Tsugawa N, et al. Method for
the determination of vitamin K homologues in human
plasma using high-performance liquid chroma-
tography-tandem mass spectrometry.Anal Chem 2005;
77: 757–763.
25. Guy's and St Thomas' NHS Foundation Trust.
Human Nutriasis Institute; The vitamin K External
Quality Assurance Scheme (KEQAS). Available at:
http://www.gstt.nhs.uk/services/managednetworks/
oncologyandhaem/chat/hnu/keqas.aspx. Accessed on
April 10, 2007.
26. Stenflo J, Fernlund P, Egan W, et al. Vitamin K de-
pendent modifications of glutamic acid residues in pro-
thrombin. Proc Natl Acad Sci USA 1974; 71:
2730–2733.
27. Nelsestuen GL, Zytkovicz TH, Howard JB. The
mode of action of vitamin K. Identification of gamma-
carboxyglutamic acid as a component of prothrombin.
J Biol Chem 1974; 249: 6347–6350.
28. Esmon CT, Sadowski JA, Suttie JW. A new car-
boxylation reaction. The vitamin K-dependent incor-
poration of H-14-CO3– into prothrombin. J Biol Chem
1975; 250: 4744–4748.
29. Wu SM, Morris DP, Stafford DW. Identification
and purification to near homogeneity of the vitamin
K-dependent carboxylase. Proc Natl Acad Sci USA
1991; 88: 2236–2240.
30. Chu PH, Huang TY, Williams J, et al. Purified vit-
amin K epoxide reductase alone is sufficient for con-
version of vitamin K epoxide to vitamin K and vitamin
K to vitamin KH2. Proc Natl Acad Sci USA 2006; 103:
19308–19313.
31. Rost S, Fregin A, Ivaskevicius V, et al. Mutations in
VKORC1 cause warfarin resistance and multiple co-
agulation factor deficiency type 2. Nature 2004; 427:
537–541.
32. Wu SM, StanleyTB, MutucumaranaVP, et al. Char-
acterization of the gamma-glutamylcarboxylase.
Thromb Haemost 1997; 78: 599–604.
33. Chu PH, Huang TY, Williams J, et al. Purified vit-
amin K epoxide reductase alone is sufficient for con-
version of vitamin K epoxide to vitamin K and vitamin
K to vitamin KH2. Proc Natl Acad Sci USA 2006; 103:
19308–19313.
34. Suttie JW. Vitamin K-dependent carboxylase. Ann
Rev Biochem 1985; 54: 459–477.
35. Lian JB, Friedman PA. The vitamin K-dependent
synthesis of gamma-carboxyglutamic acid by bone
microsomes. J Biol Chem 1978; 253: 6623–6626.
36. de Boer-van den Berg MA, Verstijnen CP, Vermeer
C. Vitamin K-dependent carboxylase in skin. J Invest
Dermatol 1986; 87: 377–380.
37. Vermeer C. Bijwerkingen van orale antistolling-
stherapie? Ned T Geneesk 1982; 126: 2394.
38. Hauschka PV, Lian JB, Gallop PM. Direct identifi-
cation of the calcium-binding amino acid, gamma-car-
boxyglutamate, in mineralized tissue. Proc Natl Acad
Sci USA 1975; 72: 3925–3929.
39. Price PA, Otsuka AA, Poser JW, et al. Characteriz-
ation of a gamma-carboxyglutamic acid-containing
protein from bone. Proc Natl Acad Sci USA 1976; 73:
1447–1451.

50
th

A
n

n
iv

er
sa

ry
(1

95
7–

20
07

)
T

hi
s 

do
cu

m
en

t w
as

 d
ow

nl
oa

de
d 

fo
r 

pe
rs

on
al

 u
se

 o
nl

y.
 U

na
ut

ho
riz

ed
 d

is
tr

ib
ut

io
n 

is
 s

tr
ic

tly
 p

ro
hi

bi
te

d.


